The objective of the present work was to research the storage behavior of a fluidized bed filled with a granular phase change material (PCM) with a small particle diameter (d p = 0.54 mm). The performance of the fluidized bed was compared to that of well-known storage methods such as fluidized beds with sand and packed beds based of sand and PCM. For this purpose, heating experiments were conducted in a cylindrical bed with air as the working fluid.
Introduction
Energy storage is needed in many applications when the availability and demand for energy do not coincide. Sensible heat storage is the most common method of thermal energy storage, although research on advanced materials and systems for latent thermal storage has increased recently because the density of stored energy is greater for latent thermal storage than for sensible heat storage. Additional information about Phase Change Materials (PCM), their classification and applications in thermal storage can be found in different reviews [1, 2, 3] .
Packed beds are a suitable option when air is used as the heat transfer fluid. Moreover, micro-encapsulation of phase change materials has been proposed as a heat transfer enhancement technique for latent heat thermal storage because it increases the heat transfer area. Similar to packed beds, fluidized beds can be utilized for thermal energy storage and have some properties, such as a uniform temperature in the bed or a high rate of heat transfer to a solid object within the bed, which can be advantageous in several applications.
In most cases where published numerical studies have been verified experimentally, the experimental results for packed bed sensible heat storage have been limited to beds of spheres or cylinders with large characteristic diameters on the order of 1 cm [4] . An experimentally validated heat transfer model for energy storage fixed bed systems [5] shows higher storage efficiencies for smaller particle sizes.
The application of fluidized beds to sensible heat storage has been studied in the past, and it has been shown that a fluidized bed behaves similarly to a well-mixed tank with negligible variations in the temperature along the bed [6] . Wagialla et al. [7] modelled the behavior of a fluidized bed and showed that the optimum performance of the fluidized bed, when it was used as an energy storage device, was achieved by employing a superficial air velocity similar to the minimum fluidization velocity. Moreover, there is an optimum bed height that maximizes the efficiency of energy recovery because the bed height has opposite effects on the residence time and the heat transfer coefficient.
Packed beds for latent thermal energy storage have been studied previously, mainly in beds of macro-encapsulated spheres of PCM with diameters of a few centimeters and water as the heat transfer fluid [8] . The behavior of a packed bed of spherical capsules with a radius of 20-60 mm and filled with a PCM, suitable for use with a solar water heating system, was simulated by Regin et al. [9] , who observed that the charging and discharging rates were significantly higher for capsules of smaller radius than those of larger radius.
The transient response of a cylindrical packed bed of PCM encapsulated in 31.8-mm spheres with air as the working fluid was investigated by Benmansour et al. [10] , who conducted two-dimensional numerical calculations for the separate phases that were verified by measurement of the temperature of the fluid and the PCM.
In recent years, granular phase changing composites with a small particle diameter (1-3 mm) have been tested in latent heat thermal storage packed bed systems. The utilization of encapsulated phase change materials with a small particle diameter is advantageous in terms of heat transfer rates and pumping requirements when 1) storage systems of small characteristic length are applicable [11] , and 2) the time required for the phase change is inversely proportional to the superficial gas velocity and depends on the air supply temperature [12] . A PCM encapsulated in spheres with a diameter of 25 mm and agitated in a liquid-fluidized bed has been tested by Sozen et al. [13] , who demonstrated improvements over fixed bed thermal energy storage systems and enhanced the performance of the system by increasing the superficial water velocity. Merry and Rubinsky [14] studied the heat transfer coefficients for a surface immersed in a two-dimensional fluidized bed of solid-to-solid phase transition material particles with a mean diameter of 0.4 mm that were fluidized with air. Heat transfer coefficients were also studied by Brown et al. [15] in a cylindrical gas-fluidized bed containing several types of micro-encapsulated phase change materials undergoing solid-liquid transitions, with nominal diameters ranging from 140 to 655 µm.
The aim of this study was to evaluate the performance of an air-fluidized bed of micro-encapsulated PCM with a mean diameter of 0.54 mm as a storage system in terms of its charging and discharging efficiencies and stability under continuous operation. The behaviors of a fixed bed of sand, a fluidized bed of sand and a fixed bed of PCM were also studied and compared.
Experimental apparatus and materials
In the present study, heating experiments were conducted with sand and PCM in a packed bed and in a fluidized bed. A schematic diagram of the experimental apparatus is illustrated in Figure 1 . The bed consists of a cylindrical tube of stainless steel with walls 2 mm thick and filled with particles. The air enters the plenum of the column and then flows into the bed through a distribution plate with a thickness of 1.5 mm containing 300 perforations with a diameter of 2 mm, which results in a 3% open area. In this way, the air is uniformly distributed in the bed. A fine mesh screen is mounted at the bottom of the distributor plate to prevent the solid particles from entering the plenum chamber. The instrumentally monitored section of the test apparatus has a height of 500 mm and an internal diameter of 200 mm, and it is insulated with glass wool with a thickness of 2 cm. Additionally, the piping is insulated with a thermal insulator with a thickness of 1 cm. The free board of the column is divided into two parts: 1) a cylinder with an internal diameter of 200 mm, and 2) another cylinder with an internal diameter of 300 mm. The purpose of these two parts is to assure the homogeneous velocity distribution of air at the exit from the test section and to reduce the elutriation and entrainment of particles from the bed.
[ Figure 1 about here.]
The air flow is produced by a blower with variable mass flow rate, and heated by electrical heaters before flowing into the column. Type K thermocouples are used to measure the temperature at specific locations inside the test section and in the plenum chamber. At these locations, pressure variations can be measured using pressure sensors with two different ranges: 100 mbar and 1 bar. Air temperatures are also measured at the inlet and outlet of the test section. The thermocouples and pressure sensors are connected to a data acquisition system for continuous monitoring and recording of the data.
The materials used for the experiments are sand, which is a typical material used in fixed and fluidized beds, and a granular phase changing composite (Rubitherm -GR50). The material that changes its phase is paraffin, and it is bound within a secondary supporting structure of SiO 2 . This composite material is commercially available in two sizes: a coarser grade with a particle size between 1 and 3 mm, which is suitable for use in a fixed bed Rady [11, 16] , and a finer grade with a particle size between 0.2 and 0.6 mm. The sand and the finer GR50 material correspond to group B according to Geldart's classification [17] , which means that the sand and the finer GR50 composite fluidize easily with vigorous bubbling action and that bubbles grow large [18] . In addition, the use of two different PCM particle sizes permits the use of the same gas flow rate (450 l/min) in the fixed bed configuration for the sand and the coarser PCM, and also a similar excess gas velocity over minimum fluidization conditions U/U mf ≈ 1.7 in the fluidized bed for the sand and the finer PCM.
Some properties of the sand and PCM such as density (ρ), thermal conductivity (k ) and mean diameter of the particles d p (with its standard deviation , σ dp ) are shown in Table 1 . In addition, the variation of the specific heat with temperature is presented for each material in Figure 2 . For the GR50 composite, the variation of specific heat with temperature is nearly the same for the two grades, and, therefore, only one case is shown. [ Table 1 Differential scanning calorimetry (DSC) is the technique used to study the specific heat variation for the sand and the PCM. The tests were carried out using a sapphire standard. For the coarser PCM one granule was placed in the DSC sample pan while for the finer PCM and the sand a handful of granules was used. A heating rate of 0.5 • C/min was selected.
According to Rady [16] , who studied in detail the same granular PCM used in our work, this heating rate is slow enough to guarantee that the onset of crystallization occurs at the same temperature as the termination of the melting process. This DSC method has also been used to study the phase changing behavior of the granular GR50. The characterization results are shown in Table 2 . These DSC results include the specific heats of the solid and liquid phases (c p,s , c p,l ), the latent heat of phase change (h ls ) and the characteristic temperatures of the phase change: T on (onset temperature), T end (endset temperature), T s (extrapolated starting temperature), T e (extrapolated ending temperature) and T p (peak temperature) [16] .
[ Table 2 Figure 3 shows the distributor pressure drop ∆p dist for different superficial gas velocities, U (m/s). These data can be properly fit to a parabola shape.
Hydrodynamics of the fluidized bed
[ Figure 3 about here.]
The pressure drop across the bed of particles, ∆p bed , is defined as the distributor pressure drop subtracted from the pressure drop of the system when it is filled with particles [19] . Thus,
The pressure drop of the system, ∆p system , is the pressure difference between the plenum chamber and the ambient pressure measured when the bed is filled (to a height equal to the bed diameter) with sand and the finer grade of GR50. Figure 4 shows the pressure across the bed as function of the superficial gas velocity for the sand and for the finer grade of GR50.
These measurements are used to determine the minimum fluidization velocity of each material, U mf . The minimum fluidization velocity is usually defined as the intersection of the horizontal fluidized bed line and the sloping packed bed line, [20] , which results in U mf = 0.33m/s for the sand and U mf = 0.13m/s for the finer GR50 grade.
[ 
Results and discussion
Four experiments are performed to compare the behavior of a bed filled with PCM and that of a bed filled with sand. Figure 5 shows the temperatures that are measured at different heights during the charging and discharging processes for the four different configurations.
[ Figure 5 about here.]
Under fluidization conditions, the temperature along the bed is uniform regardless of the fluidized material (either sand or PCM) because the system behaves similarly to a well mixed tank [18] . Three of the four thermocouples inside the bed (the thermocouples located at 7.5, 12.5 and 17.5 cm above the distributor) measure the same temperature during the charging process.
The first thermocouple, located only 2.5 cm over the distributor, shows a higher temperature than the other thermocouples during almost the whole process. These results could be attributed to the influence of the air jets from the distributor perforations [21] . These jets could be long enough to modify the temperature measured by the first thermocouple. The temperature measured at 2.5 cm is thus an average of the air temperature coming from the plenum chamber through the distributor and the bed temperature.
For fixed bed conditions, the behavior is different. The bed behaves similarly to a plug flow system. The regions of the bed closer to the distributor are heated before those regions located farther away from the distributor.
In the tests with GR50, this composite material takes longer than sand to reach the set temperature because of the latent heat that is stored while the phase change is taking place around 50 • C.
For the fixed bed experiments, the phase change takes place at different times at different heights because of the temperature stratification, in accordance with results presented by Rady [11] . In contrast, in the fluidized bed, the phase change of the material takes place uniformly throughout the whole bed.
To analyze the experiments, two parameters were studied: the storage efficiency during the charging process, η C , and the recovery efficiency of the discharging process, η R [6, 22] .
The storage efficiency is defined as follows:
where ρ s is the solid density (sand or PCM), ε the voidage of the bed, .
where c p is the apparent specific heat of the material in the bed as a function of T bx (the bed temperature at height x and time t).
According to Equation (2) η C relates the energy stored, E s , in the bed at time t and the total thermal energy supplied by the air at the inlet of the bed, E in , (relative to the initial temperature of the bed T 0 ) up to the same time, t. The value of the energy stored in the bed at a given time has been calculated by dividing the bed into four elements because there are four thermocouples in the bed (at heights x = 2.5, 7.5, 12.5 and 17.5 cm).
[ Figure 6 about here.]
The variation of η C with time for the sand and the GR50 PCM in the fixed bed is presented in Figure 6 (a) and that for the same materials under fluidized conditions is presented in Figure 6 (b). The efficiency is higher with the GR50 material than with the sand for both types of beds. This is due to the inherent characteristics of both materials. One of the main advantages of the PCM is its high capacity of storing energy per unit volume. In this case, the energy storage capacity of the GR50 is approximately double of the energy capacity of the sand in the same volume. Therefore, when the temperature reaches the maximum and steady temperature (after approximately two hours) the maximum efficiency of the GR50 for the fixed bed is twice the maximum efficiency of the sand (see Figure 6 (a)). Another advantage of the GR50 over the sand is its lower density and minor particle size, which permits to fluidize the GR50 PCM with a lower air flow rate.
In the experiments compared in Figure 6 (b) the air flow rate in the GR50
PCM is approximately half of the flow rate used with the sand. As a consequence, the maximum efficiency of the GR50 is approximately four times higher than the maximum efficiency of the sand when the temperature of the bed reaches the maximum and steady temperature.
The first minutes of each experiment should not be taken into account as they correspond to the stabilization of the system. After this stabilization period, the efficiency increases with the bed temperature because the inlet air is also being heated during the charging process. When the inlet air temperature reaches its maximum achievable value, the efficiency starts to decrease. The variation of the efficiency for the sand is smooth in both fixed and fluidized conditions. In contrast, the curves obtained for the PCM show abrupt changes in slope at the beginning and end of the phase change process. In the fixed bed (Figure 6(a) ) appear four changes in the slope of the curve, which correspond with the phase change process detected by each one of the four thermocouples in the bed. The highest efficiency for the fixed bed case is found to occur when the thermocouple placed at 7.5 cm detects the phase change. Under fluidized conditions ( Figure 6(b) ), only one change in the slope is observed between 0.5 and 1.0 hours, because it is well mixed and the phase change transition occurs homogenously in the bed.
When the temperature in the bed is stabilized, the electric heaters stop heating the air and the blowing air continues to flow at the same rate as the original heated flow. To analyze this discharging process, the recovery efficiency, η R , is defined as follows [6] ,
where E d names the energy obtained during the discharging period up to the time t, E d,max represents the maximum available energy at the discharge, T bx is the bed temperature at height x and time t, T bmax is the maximum bed temperature achieved at the end of the charging process, T max corresponds to the supply air temperature at steady state conditions and T end is the temperature of the bed at the end of the experiment. The bed temperature for the four experiments does not decrease to the initial temperature because the supplied air is heated by the blower, thereby achieving a higher temperature than the ambient temperature. The difference between the T end and the room temperature depends on the flow rate.
Thus, for the fluidized bed with sand, this difference is maximized when the flow rate is highest.
[ Figure 7 about here.]
The recovery efficiency for the fixed beds (Figure 7 (a)) shows better behavior for sand than GR50 during the first hour because of the time required for the solidification of the PCM. Thus, the 'steps' in the PCM curve correspond to the phase change. Nevertheless, after the first hour, the efficiency parameter is the same for both materials.
For the recovery efficiency in fluidized beds (Figure 7(b) ), the efficiency during the first hour is higher for sand than for GR50, as also observed for the fixed beds. In contrast, when the recovery efficiency is stabilized in both fluidized beds, the PCM presents higher efficiency (0.94) than sand (0.89).
Influence of flow rate
To study the influence of flow rate on the performance of the fluidized bed with PCM, four different cases were studied. In all of these experiments, the mass of PCM was 5 kg and the air flow was heated from room temperature up to 65 • C. The flow rates selected were 625, 500, 450 and 375 l/min, which correspond to an excess air velocity over the minimum fluidization conditions, U/U mf , of 2.5, 2, 1.7 and 1.5, respectively.
In Figure 8 , the temperature distributions along the bed for the four experiments are presented. The temperatures plotted in this figure are the control temperature; the temperature measured by the first thermocouple, which was located 2.5 cm from the distributor; the mean temperature in the bed, which was calculated from data obtained by the other three thermocouples at 7.5, 12.5 and 17.5 cm; and the temperature of the air at the outlet section. The influence of the air jets on the temperature of the first thermocouple is also observed in the four cases shown in Figure 8 .
[ Figure 8 about here.]
Before proceeding to the analysis of these experimental results, it is convenient to introduce the following dimensionless bed average temperature:
where T b is the average temperature of the bed, T 0 is the initial temperature of the bed and T max is the supplied air temperature at steady state conditions (in this case, 65
To analyze these experiments, η C and η R were calculated. In Figure   9 (b), the efficiency during the charging process for the four experiments is shown. Furthermore, for better understanding, the dimensionless tempera-ture for each charging test is presented in Figure 9 (a).
The results of the efficiency evolution show that, disregarding the stabilization period, higher values of efficiency are reached once the supply air temperature attains its maximum difference with respect to the bed temperature. When the maximum steady temperature is reached in the bed, after approximately two hours of operation, the higher the air flow rate the lower the discharge efficiency because E in increases for the same stored energy (see Equation (2)). However, a higher flow rate permits the set temperature to be achieved more quickly.
[ Figure 9 about here.]
The dimensionless temperature and evolution efficiency during the recovery process are shown in Figure 10 . The dimensionless temperature for the discharging process when U/U mf = 2.5 ( Figure 10(a) ) shows that no phase change occurs because the blower heats the air flow above the phase change temperature. Thus, the recovery efficiency is not plotted for this case in Figure 10 (b).
Regarding the charging process, similar efficiencies are observed at the end of the recovery process for the different flow rates, and the phase change occurs sooner at a higher flow rate.
[ Figure 10 about here.]
Influence of bed height
The influence of the bed height in the fluidized bed filled with PCM is investigated. Three experiments were performed at various bed heights. The air is heated from room temperature up to 65 • C, and the flow rate selected (500 l/min) is the same for all experiments. The three chosen heights are 100, 200 and 300 mm, which correspond to 0.5, 1 and 1.5 times the diameter of the bed, respectively. In Figure 11 , the temperature distributions along the bed for the three experiments are presented.
[ Figure 11 about here.]
The dimensionless temperature and efficiency for the charging process are presented in Figure 12 . The time required to achieve a certain temperature is longer when the mass of the material is higher because the input energy is the same for the three different cases. However, increased charging efficiency is obtained when the mass is higher (see Figure 12 (b)) as there is more material available to store heat while the input energy is the same.
When the bed reaches a steady state, the maximum temperature attained decreases as the bed height increases, possibly because of small thermal losses to the ambient surroundings, although the bed is insulated. When the bed height is doubled (or tripled), the heat transfer area for heat losses is also doubled (or tripled), thereby increasing the thermal losses. For the bed height of 0.5D, the bed temperature undergoes fluctuations that may be caused by the proximity of the thermocouple to the freeboard, where the bursting bubbles may affect the measurements.
[ Figure 12 about here.]
In Figure 13 , the dimensionless temperature and evolution efficiency during the recovery process are shown. Figure 13(a) shows that it takes more time to discharge the bed when the mass is higher, and better recovery efficiency coefficients are obtained when less mass is introduced (see Figure   13 (b)). This last effect is a result of the higher thermal losses to the ambient surroundings from the larger beds, which results in a lower bed temperature at the beginning of the recovery process. Therefore, less of the energy supplied by the inlet gas during the charging process is recovered by the system.
[ Figure 13 about here.]
Cycling behavior
Micro-encapsulated PCM may be prone to fracture and cracking because of collisions and shearing when fluidized by air. There are different studies in the literature concerning the stability of micro-PCMs in slurries [23, 24, 25] and they conclude that rupture of the micro-capsules in slurries is reduced diminishing the particle size and increasing the thickness of the encapsulation. Nevertheless, the different phenomena that influence on the stability of micro-PCM slurries are different to those appearing in a bubbling fluidized bed and a direct comparison is not possible. The micro-PCMs used typically in slurries have a size around or under 10 µm whereas we are using particles of d p = 0.54 mm. Also the particle concentration in slurries is usually much lower than in fluidized beds, which is around 60%.
In fluidized beds the attrition is the phenomenon responsable for particle fragmentation. Two different attrition mechanisms can be observed [26] :
abrasion and fragmentation. In the first, particles of much smaller size are removed from the particle surface. As a result, the particle size distribution is slightly modified although the percentage of fines is increased. The final size distribution is bimodal. In the second mechanism, the original particles break into particles of similar size. The particle size distribution is notably broader with a distinctly smaller mean particle size. Ray et al. [27] and Pis et al. [28] concluded that the dominant mechanism in most fluidized bed applications is abrasion.
To study the cycling behavior and the attrition of the PCM, 15 heating and cooling cycles were conducted under the same conditions (U = 500l/min, GR50 heated up to 65 • C). Samples of 250 g of GR50 were extracted from the bed after certain cycles to study the particle size evolution.
Some of the cycling curves are presented in Figure 14 . The uniformity of the temperature in the bed measured during thermal cycling indicates that the fluidization quality of the phase change material used in this study is not affected by the number of cycles and that the cycling stability is ensured.
No loss of heat storage or recovery capacity during thermal cycling appears.
Furthermore, the set temperature (65 • C) is achieved sooner in the sequence of cycles. One reason could be the small differences between the size distributions in the sequence of cycles. When the number of cycles is increased, the particles become smaller, the heat transfer area increases, and, hence, the heat transfer improves.
The particle size distributions after each cycle have been determined by sieve analysis. Figure 15 represents the cumulative distribution function
showing the weight percent of particles passing through a sieve of a given aperture between the initial distribution and the end of two different cycles.
The variation observed in the particle size distribution indicates that abra-sion is present in the fluidized bed with GR50. The mean particle size is slightly reduced, the external surface of the particles is eroded increasing the content of fines in the bed but the PCM remains encapsulated. In Figure 15 it can be seen that the percentage of fines is not augmented because no cyclone or dispositive has been used to collect them, so they are probably lost during the fluidized bed operation. The rate of erosion reduces with time because the rugosities of the particles are filed and the surface is smoothed.
Only if the thickness of the encapsulation is not large enough the abrasion could provoke the lost of PCM. If the PCM leaks out when it is in liquid form it can stick a group of particles, forming agglomerates similar to the ones observed by other researchers in slurries [24] . If this happens the bed would be probably defluidized because the air flow rate could not fluidize particles of such size, but this problem is not observed in our work. If the PCM studied in this work is going to be used in an actual process, probably the material will suffer more than 15 cycles. For a specific application, the PCM should be previously tested under the same charging-discharging times and temperatures of the application, which could be different from the ones used in this work. The number of cycles that the PCM keeps its properties must be large enough to be economically profitable in comparison with a conventional storage facility. Nevertheless, this number of cycles strongly depends on the application and has to be studied for each particular case.
[ Figure 14 about here.]
[ Figure 15 about here.]
Conclusions
In this paper, the performance of an air-fluidized bed of micro-encapsulated PCM as a thermal storage system was studied. Its performance was compared to that of other storage methods: a fluidized bed of sand and fixed beds with sand and PCM. It is concluded that the PCM is an alternative material that can be used to increase the efficiency of storing thermal energy in the form of latent heat in fluidized bed systems.
Under the experimental conditions tested in this work, greater charging efficiencies are observed for the PCM than sand in fixed and fluidized beds.
Furthermore, when the charging efficiency is stabilized, the PCM shows similar results for both beds. The PCM also presents better recovery efficiency for both beds after the solidification time.
The study of the influence of the bed height showed that it takes longer to achieve a certain temperature when more mass is used, but higher efficiency values are obtained. The analysis of the influence of the flow rate showed that a higher the flow rate permits the set temperature to be achieved more quickly. At the end of the charging process, similar efficiencies are measured at the different flow rates studied. The cycling study reveals that the PCM suffers attrition during the fluidization process, although no loss of PCM is observed under the experimental conditions tested in this work (75 hours of continuous operation with 15 charging-discharging cycles).
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Notation
A σ dp Standard deviation of the mean particle diameter Table 2 : Characterization of the PCM using DSC.
